I. INTRODUCTION The fossil fuel energy sources are the main energy supplier worldwide, however, the environmental issues with the conventional energy resources has led to the development and implementation of renewable energy sources, such as, solar, wind, hydropower, energy storage etc. in the supply network. The increasing number of the distribution generations (DGs) penetration in the electric power system and the electrical proximity among interconnected DGs in the network, has paved the way for the microgrid system. The incorporation of the renewable energy sources with advanced self-commutated flexible ac transmission system (FACST) devices and multipurpose storage medium has developed the concept of smart microgrid system. Compared to the bulk power utility systems, the smart microgrid contributes in bidirectional power flow and allows customers to participate in the electricity enterprise. Moreover, the existing microgrid can reduce the power transmission infrastructures related costs by fully supplying the required power demand on residential and commercial areas.
In conventional ac microgrid, multistage converters are used to supply the dc loads like Light emitting diode (LED) lights, electric vehicles (EVs) etc. and different ac loads. However, maintaining proper coordination control, ac and dc both powers can be supplied with less energy conversion stages from the two-bus microgrid system [1] . Among renewable energy systems, the proliferation of the PV system among customers is conspicuous due to special government incentives and trade in tariff offers. However, the increasing penetration depth of the nonlinear PV system in the distribution network has raised the concern of power quality and stability of the DG system. Unbalanced power supply and demand relationship is one of the reasons for the instability in a microgrid. Therefore, smooth power transfer between different conversion stages is ensured in the designed controller in this paper. Improper reactive power management is also responsible for the poor power quality and instability related issues. However, for a grid tied PV system, the IEEE 1547 standard requires unity power factor operation at the point of common coupling (PCC) [2] . Therefore, traditionally, FACTS devices are used in the bulk power systems for reactive power coordination operations, and STATCOM is the most widely used one. In recent years, with the increasing number of the DG units' penetration in the supply network, the feasibility of the reactive power from the DG units in the PCC point has been considered by the IEEE 1547.8 working group of SCC 21 [3] and also addressed in [4] .
Voltage source inverter (VSI) is one of the key components in DG units and FACTS devices. The authors in [5] proposed and patented the renewable energy inverters, termed PV-STATCOM, to use as the active and reactive power controller at the PCC point. They implemented the controller in a real system with a poor power factor induction motor load and improved the power factor at the PCC point [6] [7] .
Generally, during daytime, the PV system does not use the inverter's full capacity unless around midday when the sun radiation level is maximum. But, the inverter total kVA rating is chosen to handle more than the maximum peak capacity of the PV system. Hence, the remaining capacity of the inverter after active power conversion during the daytime and full capacity at the nighttime can be utilized for the reactive power management (STATCOM) related operation in the distribution network. Utilization of a separate ESS can make the microgrid to work in four-quadrant mode as a STATCOM/ESS system along with the active power and STATCOM operations. These concepts are demonstrated for the developed two-bus microgrid model in this paper, which has not been shown in [6] [7] . All day STATCOM/ESS operation with an additional ESS will be discussed on future papers, hence, in this paper, only during the PV system active condition, the designed VSI performs some features of the STATCOM/ESS operation like active power smoothing, oscillation damping etc.
The PV system with the active and reactive power profiles are addressed in several literatures [8] [9] [10] [11] [12] [13] . However, these studies are mainly focused on the controller performance for ac loads in the supply network. The PV-STATCOM/ESS operations can be incorporated with both ac and dc loads to enhance the performance of the traditional microgrid system. Aforementioned operations for the designed VSI are analyzed under divergent operating conditions such as random radiation changing, symmetrical and asymmetrical faults application, abrupt ac and dc loads changing, PV source disconnection effects etc. using PSCAD/EMTDC software environment. The developed model is designed resembling the smart microgrid system in Griffith University, Nathan Campus (N44 building). The real system incorporates a 10 KW solar PV, a 60 KWh battery energy storage system (BESS) and a central single stage transformer-less 30 KVA STATCOM.
The rest of the paper is organized as follows: Section II describes briefly the modelling of the microgrid, section III shows different case studies and section IV concludes the paper with future works for the developed model.
II. MODELLING
The microgrid consists of three main sections- The developed microgrid model is shown in Fig.1 (a) . The DC bus consists of the PV system and variable dc loads. The PV generates maximum active power on the maximum power point (MPP) and transfers via the dc bus without any dc-dc conversion stages. The dc bus of the real system is regulated by the BESS. Therefore, a fixed reference value is considered for the dc bus in this paper instead from the MPPT controller. The dc loads are connected with a single-phase breaker (B_DC) to the dc bus. It receives power from the PV during PV active period and from the grid via bidirectional inverter when the PV is inactive.
A single stage transformer-less VSI is designed using IGBT switches with antiparallel diodes as a bidirectional inverter for the active and reactive power management operations in the microgrid. The dc link capacitor value is chosen considering 10% dc ripple filtering and total KVA capacity of the inverter. It works as a ripple filter when the microgrid operates in the active power regime and energy storage (~5%) to compensate switching losses during reactive power operation. The dc bus voltage reference is calculated around 450 V considering some ripple voltage drop (10-20%) in the VSI and the grid voltage value (230 V). However, a higher dc bus voltage (600 -800 V) is preferred for PV-STATCOM operation as it helps to maintain system's stability in transition between full-capacity active and reactive power operations. The dc bus voltage is regulated using an outer voltage control loop following the dc voltage dynamic equation as shown below [14] 
The VSI inner current control loops are designed considering the feed forward and decoupling functions as shown in Fig. 2 . Here, the proportional-integral (PI) controller gain values and saturation limits on the current controller are defined in accordance to the performance of the developed model. Pulse width modulation (PWM) switching technique is used for the designed VSI operations. A phase locked loop (PLL) is used at the (PCC) point for grid synchronization and the synchronization angle is used in the synchronous reference frame transformations. The grid synchronization makes the PCC voltage d axis component to follow the grid voltage vector and results voltage q axis to follow zero. The dynamic active and reactive power for the PV can be written as [14] ,
The filter in the microgrid prevents harmonic contents of the inverter's output current and reduces total harmonic (THD) distortion at the PCC point. However, a poor filter design can introduce undesirable system instability. Therefore, in this paper, a LCL filter with a series damping resistor with the filter capacitor is properly designed considering power loss in the filter reactor [15] . The overall system dynamics can be simplified as, The ac bus consists of a stiff grid and variable ac loads. Thevenin's equivalent circuit with a three phase voltage source is considered as a stiff grid and different ac loads such as, three phase inductive, capacitive, resistive, static power and static impedance loads [17] are used in the microgrid model. The system ratings with parameter values are shown in the appendix.
III. CASE STUDIES
The case studies are performed for the designed VSI under abrupt operating conditions changing to analyze the performance of PV-STATCOM/ESS operations in the developed microgrid model. Under standard testing condition (STC), it is estimated that a single PV module generates around 650 W. Total 10 parallel and 2 series modules are considered for the PV system and the maximum power capacity of the PV is around 13 kW at STC. The dc bus voltage reference is kept constant at 600 V and the grid voltage is 230 / 400 V at 50 Hz frequency. Dc loads are designed for 1.5 kW and 2 kW operations. Three phase passive linear (resistive -8 kW, inductive -5 kVAR and capacitive -4 kVAR) and two static load models (constant power -8 kW + j 5 kVAR and impedance -6 kW + j 3kVAR) are used as ac loads. The studies demonstrate the operations of the designed VSI as an active power controller, STATCOM and STATCOM/ESS distinctively under divergent operating conditions. The active power operation ensures smooth power transfer according to load demand, STATCOM operation supports system VAR requirements and STATCOM/ESS provides power smoothing and oscillation damping operation in the microgrid as shown elaborately in the following case studies.
A. Case study 1: PV with variable solar irradiance
In practical PV system, atmospheric conditions change continuously and randomly. To evaluate the effect of atmospheric changes, irradiance level is changed from STC 1000 Wb/m 2 to maximum 1200 Wb/m 2 at 0.35 s and minimum 0 Wb/m 2 at 1.50 s. Fig. 3 . (a) shows the effect of the stochastic characteristic of the solar radiation. At 0.35 s, the PV generates around 14.5 kW, compensates the total load demand (1.5 kW dc and 6 kW + j 3 kVAR ac) and supplies the rest to the grid. At 1.50 s, the radiation is changed from 1200 Wb/m 2 to around 0 Wb/m 2 , which is shown in Fig. 3 (a) and 3 (b) . However, despite the abrupt high irradiance differences and nonlinear sun irradiance characteristics, the developed VSI coordinates smooth power transfer in different stages without introducing any instability in the microgrid. environments and networks, variable dc voltage references are applied in the controller. During the case study, a 1.5 kW dc load and 6 kW + j 3kVAR static impedance ac load are kept connected with the system. The dc reference is randomly changed from 800 V to 500 V with and without the PV system connected to the dc bus. At 0.30 s, the reference is suddenly dropped from 800 V to 500 V, which introduces a large disturbance in the model, as can be seen from Fig. 4 (a) and Fig. 4 (b) . In response to the disturbance, the PCC and grid power shows robust interaction to reduce the controller's overshoot effect. The PV system breaker is opened at 1.60 s and reference is again changed from 600 V to 800 V at 1.90 s. During the PV system disconnected condition, the PV voltage reaches to the open circuit voltage (900 V) of the PV modules; however, the outer voltage controller makes the dc bus voltage to follow the reference accurately. It can be seen from the Fig.  4(a) and Fig. 4(b) that, without the PV source, large disturbances introduce oscillation in the output power. However, with the PV source, the oscillating effects are smoothened instantly, which shows the STATCOM/ESS operation of the design VSI controller. Connecting a separate BESS with the dc bus can make the system to work as STATCOM/BESS continuously even when the PV is inactive. 
C. Case study 3: Random ac loads changing
The stability of a distribution system greatly depends on the connected loads characteristics. Abrupt changes in the sensitive loads can create undesirable system instability if not properly damped or compensated. This case study shows the effects of abrupt ac loads changing at the PCC. An 8 kW resistive load is kept connected from 0.60 -2.30 s along with an inductive load (5 kVAR) from 1.10 -1.50 s (8 kW + j 5 kVAR) and capacitive load (4 kVAR) from 1.60 -2.30 s (8 kW -j 4 kVAR). According to the load demand, the required active and reactive power is supplied by the PV system and the remaining power is transferred to the grid. The static impedance load (6 kW + j 3 kVAR) is connected with the system from 2.50 -2.90 s and static power load (8 kW + j 5 kVAR) from 3.10 -4.0 s. The dc load breaker is closed at 3.50s. Despite the divergent loads changing operation, the system maintains accurate demand and supply relationship in the microgrid as shown in Fig. 5(a) . The oscillation in PCC and grid power is caused by the inductive load characteristics. However, the designed controller takes around 25 -30 ms to damp the oscillation in reasonable limit for inductive loads, which shows the robust oscillation damping characteristics of the designed VSI controller. The phase relationship during load changing from inductive to capacitive is shown in Fig.  5(b) . The result shows proper phase relationship between the PCC voltage and current despite the starting oscillation. 
D. Case study 4: Symmetrical (3P-G) and asymmetrical (1P-G) fault analysis with and without the PV system
This study demonstrates the performance of the designed VSI as STATCOM and STATCOM/ESS under symmetrical (three phase to ground (3P-G)) and asymmetrical (single phase to ground (1P-G)) faults before and after the PCC point. A 2 kW dc and constant static impedance load (6 kW + j 3 kVAR) are kept connected during this study. The system is operated at STC with and without the PV system.
A three-phase to ground fault is considered as the most severe disturbance in the electric power system. Therefore, a 3P-G fault is applied before and after the PCC point at 0.35 s and 1.40 s for 0.20 s. Fig. 6 (a) shows that, at the time of and after fault, the system exhibits robust stability recovery from oscillation. The PV system breaker is opened at 2.50 s and the same fault is applied again before PCC at 2.70 s and after PCC at 4.30 s. The result shows that, the controller can damp fault oscillation more quickly while operating in STATCOM mode alone, which is expected as, the VSI is designed to work as a VAR compensator on full capacity to mitigate fault oscillation in absence of the PV system. Fig. 6(b) shows, despite the fault, the current remains limited with proper sinusoidal wave form.
(a) (b) Fig. 6 . 3P-G faults: (a) reactive power profile, and (b) voltage and current phase relation at PCC.
An asymmetrical fault, 1P-G (Phase B-G) fault, is applied same way as the symmetrical fault. In this case, the PV generated power remains immune to this fault and helps in robust recovery without any prior oscillation in the microgrid powers and voltages as can be seen from Fig. 7 (a) and Fig. 7 (b). The designed VSI response to 1P-G fault without the PV system shows rather little worse stability recovery effects than with the PV system. This is also expected, because the PV system works as a dc source in the microgrid and maintains stable dc bus voltage. Without the PV system, the dc bus becomes vulnerable to the faults as shown in the Fig. 7 (a) and 7 (b) . This represents the concept that, when the PV system is active and generating more active power than system requirement, the remaining active power can be used for the STATCOM/ESS operation to damp system's oscillation. 
E. Case study 5: PV disconnection and reconnection
This study represents the effects on the VSI operation in absence of the PV system. The transition between full active and reactive operation modes requires smooth reference transfer in the controller without introducing any instability or time delay in the controller. To analyze this case, the PV breaker is kept open from 1.0 -2.0 s. During this time, the total active power demand is supplied by the grid (not shown), and the reactive power demand is supplied by the VSI as shown in Fig. 8 (a) . Fig. 8 (b) shows, the system frequency remains constant at 50 Hz and the PCC current THD remains ~ 3% despite the PV system connected and disconnected condition. The VSI full and partial capacity operation can be automatically organized by a fixed timed breaker operation or incorporating sun irradiance data to the breaker logic. The bidirectional feature of the designed VSI is analyzed in this case study. A static impedance load (6 kW + j 3 kVAR) is kept connected to the ac bus. The dc load breaker is closed at 0.50 s and the load value is increased from 1.5 -2.0 kW at 0.90 s. During this time, the total dc and ac loads demand is supplied by the PV system. The PV breaker is kept open from 1.60 s -3.60 s, and during this time the total active power demand is supplied by the grid. The VSI is designed to support certain amount (0 -2 kW) of dc load values and exceeding the limit, at 2.80 s to 3 kW, results undesirable oscillation in the system as shown in Fig. 9 Within the limit, the VSI is designed to works as a bidirectional converter to support the dc load demand maintaining proper voltage and current phase relation and THD (~3%) at the PCC as shown in Fig. 9 (b) . This case study demonstrates the designed VSI operation for dc loads without any additional ac-dc or dc-dc conversion requirements.
IV. CONCLUSION
The two-bus (dc and ac) microgrid system with designed single stage transformer-less VSI shows promising results for the active power, reactive power (STATCOM) and STATCOM/ESS operations. The VSI performs the operation of STATCOM/ESS function with the excess PV generated power despite the absence of a separate ESS in the developed microgrid model. However, the real microgrid system of Griffith University includes a BESS to operate with the VSI as STATCOM/BESS for 24 hours along with other features like peak load saving, load shifting etc. The microgrid shows proper coordination between system power demand and supply. Moreover, it ensures robust stability recovery under divergent operating conditions. The developed microgrid model with an additional BESS can potentially open up a new way of utilizing the PV microgrid for 24 hours operation in the electric power system with the possibility of earning extra revenues from the microgrid. The future work will emphasize on the controller overshoot effect reduction, STATCOM/BESS operation for 24 hours and feasibility checking of the designed model with the real commercial smart microgrid system at Griffith University. 
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